Introduction
In materials engineering, gas injection processes are frequently adopted to remove impurities such as oxygen and carbon. [1] [2] [3] There are two types of gas dispersion patterns formed above the nozzle; bubbling and jetting. The former is realized when the gas velocity at the nozzle exit, v n , is lower than the speed of sound, c, while the latter is realized for v n мc and a gas column is formed on the nozzle. This column disintegrates into many bubbles with different diameters above a certain distance from the nozzle exit. Many bubbles are therefore generated in the molten metal bath regardless of the bubbling and jetting. The removal of impurities is closely associated with the dissolving rate of the gas into the bath. However, under such a highly turbulent condition it is difficult to evaluate the mass transfer coefficient between the bubbles and molten metal because the precise evaluation of the interfacial area is actually impossible. [4] [5] [6] As the gas flow rate increases, mass transfer at the gasliquid interface increases. However, it is not clear whether the mass flux at the gas-liquid interface is attributed to the enhancement of the interfacial area A or to the enhancement of the mass transfer coefficient k. Accordingly, previous researchers [7] [8] [9] [10] [11] [12] [13] introduced the volumetric mass transfer coefficient defined as kA/V, where V is the bath volume.
In a series of studies [14] [15] [16] [17] [18] on gas injection, the authors have tried to elucidate the contributions of the interfacial area and the mass transfer coefficient to the volumetric mass transfer coefficient. The mass transfer coefficient at a gas-liquid interface exposed to two types of liquid jets shown in Figs. 1(a) and 1(b) were measured.
18) CO 2 gas was supplied with a syringe into a top lance to form a gasliquid interface at the exit of the top lance. Accordingly, the gas-liquid interfacial area can be measured with sufficient accuracy. The flow fields around the gas-liquid interface thus exposed to the two types of jets are models for the flow fields around the top and side of a bubble rising in a highly turbulent flow field. In this study the gas-liquid interface was exposed to a turbulent wake flow, as shown in Fig. 1(c) . This study therefore is intended to clarify the mass transfer coefficient at the rear part of a bubble. Figure 2 shows a schematic of the experimental apparatus. Distilled water was circulated with a pump. The water flow rate was controlled with a flow control valve. A top lance made of a glass pipe was enclosed with a transparent glass pipe with a larger diameter. The water passed between the two pipes. Glass wool was used as a flow straightner. CO 2 gas was supplied with a syringe so that a gas-liquid interface was formed at the lance exit.
Experimental Apparatus and Procedure
As time elapses, the CO 2 gas dissolves into the water, and, as a result, the interface rises upward if the CO 2 gas is not fed. The CO 2 gas was therefore supplied continuously to keep the gas-liquid interface at the lance exit anytime. The gas-liquid interfacial area is controlled by changing the inner pipe diameter. Three pipes of different diameters were prepared. The inner cross-sectional areas are 2. 1) where m is the dissolved mass of CO 2 , DC is the concentration difference, t is time and A is the gas-liquid interfacial area. The mass flux was determined by measuring the volume of the supplied CO 2 gas. 
Experimental Results and Discussion

Brief Summary of Previous Experimental Results
of Mass Transfer Coefficient According to the previous study of the present authors, 18) the mass transfer coefficient in the flow systems which are shown in Figs. 1(a) (6) where Re is the Reynolds number, Sc is the Schmidt number, ū is the mean flow velocity, n is the kinematic viscosity of liquid, d is the lance diameter, and D is the diffusion coefficient, Tu is the turbulence intensity of the parallel and cross flows and uЈ rms is the root-mean-square value of the turbulence component. The measured values of the mass flux were approximated by Eq. (2) within a scatter of Ϯ30%.
It is interesting to note that Eq. (2) approaches an empirical relation for the mass transfer coefficient at a liquidsolid interface as the Reynolds number increases, 18) although the evidence is not shown here. This fact means that the water is fully contaminated during the measurement, and, hence, the gas-liquid interface is dirty. Considering these circumstances, experiments were carried out also in this study after much time had passed from the start of water circulation. Whether the water is contaminated or not can be judged by measuring the rising velocity of a single bubble in a still water bath. 22) Figure 3 shows the relationship between the mass flux and the Reynolds number Re. The gas-liquid interfacial area is used as a parameter. The mass flux increased with an increase in the Reynolds number but decreased with an increase in the interfacial area. The mean velocity around the gas-liquid interface is shown in Fig. 4 . The radial distribution of the mean water velocity is nearly uniform outside the gas-liquid interface. The turbulence intensity was 0.26.
Correlation of Mass Transfer Coefficient
The data on the mass flux for Aϭ2.508ϫ10 Ϫ4 m 2 are replotted in Fig. 5 together with the calculated values from Eq. (2). The measured values are smaller than the calculated values at every Reynolds number, Therefore, the coefficient in Eq. (2), 0.664, was replaced by 0.500. study are compared with the calculated values from Eq. (7) in Fig. 6 . The measured values can be predicted by Eq. (7) within a scatter of Ϯ30%.
Conclusions
Model experiments were carried out to determine the mass transfer coefficient at the rear part of a bubble rising in a highly turbulent water flow. The gas-liquid interface was contaminated by surfactant. 18, 22) The mass transfer coefficient was nearly approximated by the empirical relation proposed in this study, Eq. (7).
Nomenclature
A : Gas-liquid interfacial area (m 
